Mechanical Characterization of Lung Epithelial Cells at the Migration Front by Atomic Force Microscopy by Bada, Alexander
University of Memphis 
University of Memphis Digital Commons 
Electronic Theses and Dissertations 
11-30-2011 
Mechanical Characterization of Lung Epithelial Cells at the 
Migration Front by Atomic Force Microscopy 
Alexander Bada 
Follow this and additional works at: https://digitalcommons.memphis.edu/etd 
Recommended Citation 
Bada, Alexander, "Mechanical Characterization of Lung Epithelial Cells at the Migration Front by Atomic 
Force Microscopy" (2011). Electronic Theses and Dissertations. 400. 
https://digitalcommons.memphis.edu/etd/400 
This Thesis is brought to you for free and open access by University of Memphis Digital Commons. It has been 
accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of University of 




MECHANICAL CHARACTERIZATION OF LUNG EPITHELIAL CELLS AT THE 





Submitted in Partial Fulfillment of the 
Requirements for the Degree of 
Master of Science 
Major: Biomedical Engineering 
 
The University of Memphis 





 This thesis is dedicated to my loving fiancée, Monica Montague, who has stood 
by me throughout my educational pursuits and supported me endlessly. I also dedicate 
this thesis to my mother, whose positive attitude and optimism have been unconditional; 
to my father, who taught me to work hard and achieve my goals; and to my sister, who 







 With immense gratitude, I acknowledge my advisor, Dr. Esra Roan. Her 
guidance, support, and patience have helped me overcome many situations and complete 
this thesis. I also acknowledge Dr. Christopher M. Waters and Dr. Eugene Eckstein for 
their support and advice. Finally, I acknowledge the lung physiology group at the 






Bada, Alexander. M.S. The University of Memphis. December 2011. Mechanical 
characterization of lung epithelial cells at the migration front by atomic force 
microscopy. Major Professor: Dr. Esra Roan, Ph.D. 
 Reconstitution of the epithelial barrier following injury is important for regular 
lung function.  Alveolar epithelial cells repair wounds by initially spreading and 
migrating into denuded areas, which causes the cells to undergo substantial cytoskeletal 
remodeling, and later proliferating. Thus, the hypothesis of this thesis is that the 
mechanical properties of alveolar epithelial cells near the wound edge change over time 
due to cytoskeletal alterations.  Elastic modulus (E) values of immortalized mouse lung 
epithelial cells at the wound edge fixed at different times after wounding were measured 
using atomic force microscope indentation with custom-developed analyses and post-
processing methods.  The results show that E values of fixed MLE-12 cells are similar to 
those of live MLE-12 cells and that there is a substantial spatial and temporal variability 
in E values such that the normalized E values were significantly higher at the migration 
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Chapter 1: Introduction 
Pulmonary alveoli are the terminal units of the mammalian respiratory system 
(Widwaimer, Raff, & Strang, 2003). The alveolar barrier is lined with epithelial cells 
which play a key role in gas exchange between the alveolar air space and blood.  During 
lung injury, the alveolar epithelial barrier is compromised and air spaces become filled 
with fluid.  The reconstitution of the epithelial barrier is key to fluid clearance and normal 
lung function.  Since some fraction of alveolar epithelial cells that are wounded during 
lung injury are lost or cleared, other cells spread and collectively migrate into the 
wounded areas to restore barrier function (Kim, Matthay, Mostov, & Hunt, 2010). These 
mechanisms are coupled with dynamic, temporal changes in shape and tension of the 
cellular cytoskeleton. 
As a consequence of breathing, alveolar epithelial cells regularly experience 
levels of mechanical stimuli in the form of stretch. The mechanical response of these 
cells to mechanical stimuli is thought to play a key role in physiologic functions such as 
wound repair (Trepat et al., 2009) and proliferation (Trepat et al., 2007). In one prior 
study, mechanical stretch was shown to inhibit migration (Desai, Chapman, & Waters, 
2008). This finding leads toward questions of whether mechanical stretch may be causing 
an interference with internal cytoskeletal stimuli that the cells experience during 
migration.  So, characterizing the spatial and temporal mechanical changes of alveolar 
epithelial cells during wound repair may be a useful means to understand the physical 
changes involved in wound healing in the lung. Prior work on the mechanical response of 




there is a lack of information on how these properties evolve over the long term (more 
than 4 hours).  Therefore, the hypothesis of this thesis is that the mechanical properties of 
epithelial cells at the wound edge change with time during wound healing. The rationale 
is that epithelial cells undergo cytoskeletal reorganization after wounding and they need 
to generate forces to migrate through remodeling of their cytoskeleton.  
Problem Statement 
 The mechanical response of epithelial cells responsible for wound healing in the 
lung have been studied, but no studies have characterized changes in their mechanical 
response as functions of time after wounding and distance from the wound edge. The 
aims of this project were to: 
1. Characterize changes in the mechanical response of lung epithelial cells at the 
wound edge over time (0 – 15 hours). 
2. Adapt atomic force microscope (AFM) indentation data analysis for the purpose 




Chapter 2: Background 
Cell Mechanics 
Cells are the fundamental units of life and the building blocks of all living 
organisms. As biological entities, cells exhibit constant changes to their structure and 
form in response to chemical or mechanical stimuli (Bao & Suresh, 2003). Cells are 
complex microsystems with many essential components, yet some components are more 
significant in governing their shape and morphology. The cytoskeleton network is the 
internal framework responsible for stabilizing the cell body. This network is composed of 
biopolymers including actin filaments, microtubules, and intermediate filaments (Suresh, 
2007). The molecular assembly and concentration of these biopolymers determine the 
structure of the cytoskeleton and regulate the mechanical response of the cell (Zhu, Bao, 
& Wang, 2000). Chemical and mechanical stimuli can induce cytoskeletal reorganization 
and as such reflect modifications in the cell’s mechanical response (Chen, Mrksich, 
Huang, Whitesides, & Ingber, 1997). 
 Full comprehension of cell structure and function will ultimately lead to a better 
understanding of living organisms as a whole. Technological advances at the nanoscale 
level have facilitated investigation of cellular architecture and behavior. Although total 
consensus has not emerged with regards to how to appropriately model cell structure, the 





 The tensegrity model provides a fundamental way of describing the mechanical 
characteristics of the cytoskeleton. The model describes actin filaments as tensional 
elements and microtubules as compressive elements that reflect a prestress in the cell 
body that acts to stabilize the cell. In this way, actin filaments can be thought of as cables 
in tension, while the microtubules can be considered struts that act to balance these 
cables. The stiffness of the cytoskeleton is related to the degree of prestress created by 
actin filaments and microtubules (King, 2006). The tensegrity model has endured as a 
relevant model in describing cell mechanics (Ingber, 2003a; 2003b; Nikkhah, Strobl,     
De Vita, & Agah, 2010; Wang et al., 2002). 
By now, it is largely held that a cell’s mechanical response plays a large role in 
physiologic function (Janmey & McCulloch, 2007). Cell mechanics provides insight into 
numerous biological processes dependent on the functions and structure of cells. The 
mechanical deformability of erythrocytes has been studied to understand how these cells 
move through capillaries with diameters much smaller than that of the cells themselves 
(Katsumoto, Tatsumi, Doi, & Nakabe, 2010). Mechanical properties of muscle cells have 
been studied to elucidate how they endure large strains during muscle contraction 
(Janmey & McCulloch, 2007). Mechanical properties of lung cells are also important, as 
they are exposed to large strains during breathing (Fereol, Fodil, Pelle, Louis, & Isabey, 
2008).  Additionally, certain lung cell types have the ability to migrate in response to 
lung injury, and cell motility involves dynamic changes in shape and tension of their 
cytoskeleton (Matzke, Jacobson, & Radmacher, 2001). Thus, mechanical characterization 




The Alveolar Epithelium 
Overview. Gas exchange is the principal function of the lung. Upon breathing, 
inspired air conducts along the trachea, through branched conducting airways, into 
respiratory bronchioles, through alveolar ducts, until finally reaching the respiratory 
zone. The respiratory zone is composed of pulmonary alveoli, the terminal units of the 
mammalian respiratory system and the sites at which gas exchange occurs. 
Approximately 300 million alveoli with a combined surface area of 50 – 100 m
2
 make up 
this zone (Pavelka & Roth, 2005). The alveolus is composed of capillaries, interstitial 
space, alveolar basement membrane, endothelial cells, macrophages, and epithelial cells 
(Figure 1) (Widwaimer et al., 2003). 
 A continuous sheet of epithelium lines the luminal alveolus. Two distinct cell 
types form the alveolar epithelium: alveolar epithelial type I (ATI) and alveolar epithelial 
type II (ATII). ATI cells cover approximately 95% of the surface area of the alveolus, yet 
only reflect about 8-9% of the population of parenchymal cells in the lung (Crapo, Barry, 
Gehr, Bachofen, & Weibel, 1982; Haies, Gil, & Weibel, 1981). This means ATI cells are 
very large and flat, with a thickness of approximately 0.2 μm (Widwaimer et al., 2003). 
Their thin nature facilitates the passive diffusion of inspired air. ATI cells also play a role 
in regulating fluid balance and cell proliferation in the alveolus (Williams, 2003). 
 ATII cells cover 3 - 5% of the surface area of the alveolus and reflect about 15% 
of the population of parenchymal cells in the lung (Crapo et al., 1982; Haies et al., 1981). 




thickness of approximately 3 μm (Fehrenbach, 2001). Characteristic features of ATII 
cells include their apical microvilli and lamellar bodies, which contain surfactant, the 
lipoprotein complex responsible for reducing surface tension in the lung. ATII cells are 
known to produce, discharge, and recycle surfactant. They also function as stem cells in 
the alveolar epithelium with the unique ability of differentiating into ATI cells 
(Fehrenbach, 2001). Other important functions of ATII cells include the regulation of 
fluid and electrolyte balance and host defense. Moreover, ATII cells play a key role in 
repairing the alveolar epithelium in response to injury through migrating, spreading, and 
eventually proliferating and differentiating into ATI cells (Kim et al., 2010; Savla, Olson, 
& Waters, 2004). 
 
Figure 1. Two dimensional cross-sectional view of pulmonary alveoli. Alveoli are 
composed of capillaries, interstitial space, alveolar basement membrane, endothelial 
cells, macrophages, and epithelial cells. Two distinct cell types compose the alveolar 




Epithelial Repair. The alveolar epithelium functions as a barrier that plays a key 
role in gas exchange between the atmosphere and the bloodstream. Along with other 
functions, the barrier function of the alveolar epithelium serves to protect the lung from 
infection (Groppera & Wiener-Kronish, 2008). Injury to alveolar epithelium can result 
from many factors such as mechanical ventilation, the introduction of toxic agents, or 
from diseases such as asthma (Crosby & Waters, 2010; Groppera & Wiener-Kronish, 
2008). Such insults can result in the denudation of ATI cells, as they comprise the 
majority of the alveolar epithelial surface area (Warburton et al., 2001). Clearly, 
reconstitution of the epithelial integrity, or re-epithelialization, is important for regular 
lung function.  While recent findings suggest that ATI cells may play a role in epithelial 
repair (Dobbs, Johnson, Vanderbilt, Allen, & Gonzalez, 2010), it is well established that 
ATII cells play an essential role in the re-epithelization process (Kheradmand et al., 
1994). Specifically, ATII cells spread and migrate to wounded areas, and eventually 
proliferate to repair the wound. Early stages of repair are a major determining factor in 
overall recovery of the alveolar epithelium and thus are especially important (Geiser, 
2003). 
Cell migration is an essential function of ATII cells during epithelial wound 
repair. Upon injury to alveolar epithelium, epithelial cells migrate to close the wounds. In 
contrast to single cell migration, epithelial cells migrate as a group, maintaining cell-cell 
contacts to close wounds. Studying epithelial cell migration in vitro is a valuable way to 
reveal the mechanism by which cells migrate. A common technique to explore such 
epithelial migration is the scratch-wound assay (Liang, Park, & Guan, 2007). A gap is 




prompts epithelial migration and allows the chemical and mechanical mechanisms related 
to wound repair to be investigated. Despite many studies, mechanisms involved in the 
collective migration of epithelial sheets are not yet fully understood.  
 Epithelial migration in the lung is thought occur through the protrusion of cells at 
the wound edge and formation of actin bundles along the leading edge (Waters, Sporn, 
Liu, & Fredberg, 2002). After wounding, remaining cells at the front are referred to as 
leader cells. Polarity is established in leader cells through the actin cytoskeletal 
reorganization and Rho-GTPase signaling (Omelchenko, Vasiliev, Gelfand, Feder, & 
Bonder, 2003). In bronchial epithelial cells and rat ATII cells, dense actin bundles form 
along the wound edge (Desai, Aryal, Ceacareanu, Hassid, & Waters, 2004; Desai et al., 
2008; Waters et al., 2002). These bundles are connected from cell to cell and form a 
continuous unit. Contraction of these bundles can result in movement of the epithelial 
sheet into the denuded area, a mechanism referred to as the “purse-string” mechanism 
(Young, Richman, Ketchum, & Kiehart, 1993). Migrating cells exhibit lamellipodial 
protrusions at the leading edge through polymerization of actin filaments (Gardel, 
Schneider, Aratyn-Schaus, & Waterman, 2010). Adhesive complexes couple actin 
filaments to the substrate and to neighboring cells. Integrin-based focal adhesions help 
maintain traction required to displace cells (Crosby & Waters, 2010; Rorth, 2009). 
Lamellipodial protrusions establish new connections with the substrate and acto-myosin 
complexes are thought to establish cellular tension until adhesion complexes at the rear of 
the cell are uncoupled from the substrate.  Forward contraction of leading cells from 
tensional forces results in displacement of the cells into the wounded area. It has been 




generated in migrating cells to neighboring cells (Fenteany, Janmey, & Stossel, 2000). 
Cell-cell junctions couple the movement of cells within the epithelial sheet until the 
wound is closed. 
Mechanical Characterization at the Migration Front 
The process of wound repair is highly mechanical. Forces are required to generate 
protrusion and spreading at the leading edge and to accomplish contraction needed to 
drive cells forward. Distribution of forces through focal adhesions and cell-cell junctions 
also plays a role in repair. Studies involving the forces exhibited by cells on the substrate 
and neighboring cells have provided insight into mechanical forces at play during 
collective cell migration (Ji, Lim, & Danuser, 2008; Trepat et al., 2007). Because the 
cytoskeleton is responsible for the generation of forces, it remodels itself during 
migration as a function of space and time. Although understanding the composition of the 
cell cytoskeleton is useful, measuring the mechanical properties of cells at the migration 
will further elucidate the forces at play during wound repair. Localization of these 
mechanical properties across the leading edge is important to further understand how 
epithelial cells apply and distribute forces. 
 Most published studies of mechanical characterization at the leading edge in 
migrating cells are limited to single cells. Rotsch, Jacobson, and Radmacher (1999) found 
that migrating fibroblasts exhibited an initial region of lower elastic properties at the 
leading edge compared to quiescent fibroblasts. Park et al. (2005) similarly observed an 
initial region of low elastic properties along the leading edge, followed by an increase in 




fibroblasts and keratocytes have found initial regions of the leading edge to be stiff 
compared to central regions (Kole, Tseng, Jiang, Katz, & Wirtz, 2005; Mahaffy, Park, 
Gerde, Kas, & Shih, 2004). These findings present different results regarding the 
localized mechanical properties of migrating cells.    
Mechanical characterization of wounded epithelial sheets has been explored, but 
not thoroughly. Wagh et al., (2008) investigated localized mechanical changes at the 
migration front 2 hours after wounding in live airway epithelial cells. In their study, they 
compared elastic modulus at the migration front with median elastic modulus of 
confluent, non-migrating cells. They reported lower elastic moduli within 5 μm of the 
wound edge and a higher elastic modulus 10 - 20 μm from the wound edge compared to 
non-migrating cells.  
Recently, Wilhelm, Roan, Bada, and Waters (2011b) studied the evolution of 
mechanical changes at the wound edge in live mouse lung epithelial cells (MLE-12) at 
early time points. They observed a change in mechanical strength over time (Figure 2). 
Specifically, from 90 to 135 minutes after wounding, the elastic modulus of migrating 
MLE-12 cells increased within the first 10 µm from the migration front compared to the 
first 90 minutes after wounding. The works of Wagh et al. and Wilhelm et al. represent a 
first step towards understanding how mechanical properties change in response to 
wounding in the lung epithelium. No investigations of how mechanical properties at the 





Figure 2. Elastic modulus (E) profiles at distinct time intervals after wounding. Each 
pixel is the median E compiled from multiple force indentation maps. Errors bars are 
standard error. Adapted from Wilhelm et al., 2011. 
AFM Indentation 
Instrumentation. Measuring the mechanical properties of cells plays an 
instrumental role in our understanding of cellular biomechanics.   Many methods are 
available to study mechanical properties of cells including laser-tracking microrheology, 
magnetic twisting cytometry, magnetic tweezers, micropipette aspiration, optical 
stretching, and atomic force microscopy (AFM). Invented in 1986 (Binnig, Quate, & 




when used in cell mechanical characterization. AFM can quantify local mechanical 
properties through nanoindentation of cells with high force sensitivity and high spatial 
resolution. Force sensitivities of 10 pN and spatial resolutions of 30 nm can be achieved 
during AFM indentation studies, making them a useful means to investigate localized cell 
mechanics. 
The AFM has emerged as a powerful tool for measuring forces and displacements 
at the cellular and molecular levels (Kuznetsova, Starodubtseva, Yegorenkov, Chizhik, & 
Zhdanov, 2007). The most significant element of the AFM is the cantilever, typically 
composed of a spherical or pyramidal tip connected to the free end of a force-sensitive 
lever. Interaction between the tip and the sample causes deflection of the cantilever beam. 
Deflection of the free end of the cantilever is measured by focusing a light source onto 
the top surface of the cantilever (Figure 3). The light is reflected onto a position sensitive 
photodetector, where vertical movement of the light on the photodetector corresponds 
with deflection of the cantilever. The height (z) of the fixed end of the cantilever beam 
along the z-axis is controlled by a linear variable differential transformer (LVDT). In a 
coordinated use of these principles, AFM can be used to map the topography of cells and 
also can be used to indent cells, thereby revealing physical properties of underlying 
structures. 
In AFM indentation, the cantilever tip is positioned above a sample and lowered 
at a designated approach velocity along the z-axis until contact is made with the sample. 
In the case of cells, which are relatively soft in comparison to the cantilevers, contact 




indentation (δ) of the cell surface. Knowing the spring constant of the cantilever (k), the 
deflection of the cantilever can be converted to the force (F) exerted on the tip by the 
underlying sample, where F = k*d. After the cantilever reaches a prescribed amount of 
deflection, it retracts from the sample. Height and deflection data are recorded during the 
indentation process and are commonly referred to as force curves, or F-δ curves. From 
these curves, elastic properties of the underlying sample can be determined. 
 
Figure 3. AFM Indentation Schematic. Z motion of the cantilever induces contact 
between the sample and the tip, resulting in deflection of the cantilever. The light source, 
focusing optics, and the position sensitive detector record cantilever deflection (image 




 Force-Indentation Data Analysis 
Analysis of F-δ curves is imperative to characterize the localized elastic modulus 
of cells. The Hertz contact model, first used to describe contact between homogenous 
spheres under load, provides a useful relationship between applied force and the induced 
deformation of a sample (Hertz, 1882). The Hertz model operates under the assumption 
that the sample is isotropic, homogeneous, linearly elastic, and has negligible adhesion 
force. Additionally, it also assumes the induced deformation is very small compared to 
the height of the sample. The Hertz model is widely used to analyze AFM contact 
mechanics (Rico et al., 2005). 
Modifications to the Hertz model have been implemented to assess mechanical 
properties of cells measured by AFM indentation. Blunted pyramidal tipped cantilevers 
are often used to measure localized mechanical properties of cells. The Hertz model was 
initially created based on a spherical shaped indenter. This spherical model has been 
modified to assess mechanical properties measured by pyramidal tips, but is not valid for 
indentations greater than the radius of curvature of the blunted tips (50 -100 nm). A key 
modification of the Hertz model extended its suitability to indenters with conical 
geometry (Sneddon, 1965). This model has also been applied for deep indentations using 
pyramidal tips. A further modification has extended the Hertz contact model to indenters 
with geometry of an ideal pyramid, which correlate most closely with the AFM 
pyramidal tips. This modification has been commonly implemented to extract elastic 
modulus from AFM F-δ experiments of cells (Alcaraz et al., 2003; Harris & Charras, 





a cell at a given location is given by 
   
          
               
 
where F is the force sensed by the cantilever, α is the half angle of the tip, δ is the depth 
of indentation into the cells, and v is Poisson’s ratio. As mentioned previously, the force 
of the cantilever is calculated as the product of the cantilever’s spring constant (k) and the 
deflection of the cantilever (d). The depth of indentation (δ) is calculated as z – z0 – d, 
where z represents the height location of the cantilever during the indentation and z0 is the 
initial height location of contact with the cell surface. Substituting these parameters, the 
elastic modulus of the cell is represented by 
   
            
               
       
   
Accurately characterizing mechanical properties has proven elusive. Until 
recently, Poisson’s ration was not experimentally measured and cells were assumed to be 
incompressible (v = 0.5). A recent study showed that cell volume did not change during 
AFM indentation, suggesting the assumption is valid (Harris & Charras, 2011). 
Errors in estimating elastic modulus come from two major sources: the cantilever 






are used for localized cell indentation. The sharp tip allows for high resolution force 
mapping; however, limitations exist. Such tips induce high stress concentrations on the 
cell during indentation. Additionally, as indentation depth is increased, the contact area of 
these probes increases nonlinearly, thus elastic modulus can depend on indentation depth. 
Furthermore, most AFMs position the cantilever at a 10 - 20° angle, inducing further 
error in elastic modulus estimation. Spherical tips have previously been used to overcome 
these cantilever induced errors, but the use of these tips decreases the resolution desired 
for localized mechanical characterization.  
Cell morphology and experimental conditions induce errors in estimating 
mechanical properties. The Hertz model assumes a sample of infinite thickness. In 
reality, cells have a finite thickness that is relatively thin. Errors arising from the thinness 
of cells can be avoided by employing small indentation depths relative to the sample 
height, but such shallow indentations do not allow full resolution of the underlying 
mechanical structures. Adaptations have been proposed to account for cell height. Initial 
adaptations to the Hertz model for finite sample thickness were developed, but 
necessitated rather sophisticated mathematical calculations (Dimitriadis, Horkay, 
Maresca, Kachar, & Chadwick, 2002) Recently, Dimitriadis et al. (2002) provided height 
correction factors to the Hertz model and experimentally validated their results on thin 
agarose gels (1.7, 2.4, and 2.7 μm thickness) of various concentrations. Their results 
showed that the corrections they imposed greatly improved elastic modulus calculations 
when curves were generated using spherical tips. In contrast, when indenting with 




estimating elastic modulus, so these corrections do not hold for pyramidal tips. To date, 
no practical height corrections are available for AFM indentations with pyramidal tips. 
Another contributor to error in the elastic modulus calculation relates to the stiff 
substrate on which cells reside. The stiff nature of the substrate can influence the elastic 
modulus calculation, especially in thin regions and deep indentations. The very 
morphology of cells contributes to errors in calculation of elastic modulus. The Hertz 
model assumes that indentations occur normal to the substrate. In the case of cultured 
cells, especially at the leading edge in a wounded monolayer, the height of the cell 
increases from the edge to the central region of the cell body, thus it is sloped. This slope 
likely increases the contact area of indentation and can lead to further errors in elastic 
modulus calculation; however this contributor to error has been ignored in the literature. 
Contribution of tip angle and the indentation depth to elastic modulus calculation 
in cells have been explored. Costa and Yin (1999) explored how tip angle contributed to 
the force sensed by a conical indenter during indentation. Heim et al. (2004) found that 
tilted tips can lead to an increase in measured cantilever spring constant during 
calibration. Most, recently Rico et al. (2005) implemented previous findings and 
experimentally quantified the contribution of tip angle to elastic modulus calculation. 
They concluded that elastic modulus was overestimated by 10% for pyramidal tips angled 
at 12°. Corrections based on indentation depth have also been presented to account for 
nonlinear contact geometry. Work by Rico et al. (2005) also examined the contribution of 
indentation depth on the calculation of elastic modulus of thick agarose gels using 




between 0 and 300 nm, underestimated between 300 nm and 700 nm, and valid for 
deeper indentations up to 2 μm.  
Leonenko et al. (2007) added to this work by calculating elastic modulus of 
alveolar epithelial cells at various indentation depths. They found that from 100 nm to 1 
μm of indentation, calculated elastic modulus decreased. A sharp decrease was observed 
between 100 nm and 200 nm of indentation, followed by a less dramatic decrease. They 
postulated that elastic modulus of shallow indentations (< 200 nm) may reflect the outer 
layer of the cytoskeleton anchored to the cell membrane and that deeper indentations 
better represent the global elasticity of the cell. In short, tip inclination and indentation 
depth are significant in the calculation of elastic modulus. 
Considering the factors introducing error in AFM elasticity measurements, 
previously reported elastic properties of cells may not reflect true physiologic values. A 
multitude of correction factors and alterations to the basic Hertz model are available, 
however experimental conditions vary with each study and none fully account for all the 
contributors of error listed above. With this in mind, it is difficult to determine which 
corrections to implement. Still, AFM indentation studies of cell mechanics have delivered 
physiologically relevant experimental findings. Through systematic consideration and 
analysis, qualitative changes in mechanical properties can be explored and provide 




Chapter 3: Materials and Methods 
  The aim of the project is to characterize the mechanical response of the epithelial 
cell migration front.  In order to achieve this goal, a mouse alveolar epithelial cell line 
was cultured and wounded to measure the mechanical properties of the first cells near the 
migration front.  An atomic force microscope is used as an indenter to measure the elastic 
modulus of cells.  Details relating to cell culture, experimental methods, and analyses are 
provided in this Chapter. 
Cell Culture 
A mouse alveolar epithelial cell line, specifically MLE-12 cells (American Type 
Culture Collection , Manassas, VA), was utilized in this study(Wikenheiser et al., 1993). 
Cells were grown in T-75 or T-175 cell culture treated flasks until a confluent monolayer 
was established. The MLE-12 complete media recipe consisted of Dulbecco’s Modified 
Eagle’s Medium (DMEM) (GIBCO, Carlsbad, CA), 10% heat-inactivated fetal bovine 
serum (FBS) (Cell-gro, Herndon, VA, or GIBCO), 4mM L-glutamine, and 1% 
penicillin/streptomycin. Under a sterile culture hood, MLE-12 cells were denuded from 
the flask surface using 0.05% Trypsin/EDTA (GIBCO).  Culture media was then added 
to the cell suspension to inactivate the trypsin. The cell suspension was centrifuged at 
1043 x g for 5 minutes. The fluid was aspirated and the pellet was resuspended in 
complete media. The cells were counted using either a Coulter Counter or 




 on 60 mm 
cell culture treated petri dishes. The dishes were incubated for a minimum of 48 hours 




platings with unique cultures of MLE-12 cells used for each plating. Cells were not used 
beyond 15 passages. 
Once confluence was established, dishes were returned to the hood and gently 
washed with Dulbecco’s Phosphate Buffered Saline (DPBS) (GIBCO). Next, a linear 
“wound” was created by dragging a p200 pipette tip across each dish. A new pipette tip 
was used for each dish. The time at which the dishes were scratched was considered time 
0. The wounds created had an average width of 732 ± 81 μm. After wounding, dishes 
were repeatedly washed with DPBS to facilitate the removal of denuded cells, along with 
any cells partially attached along the wound edge. Complete media was then added and 
each dish was returned to the incubator. After 3 hours, one dish was removed from the 
incubator and washed repeatedly with DPBS before adding 3.7% formaldehyde solution 
for 10 minutes to fix the cells. Following fixation, the dish was again repeatedly washed 
with DPBS and fresh, cold DPBS was then added to the dish. The dish was then 
refrigerated at 4°C. This procedure was repeated in 3 hour intervals until all dishes were 
fixed, creating 5 distinct time points for fixing within a plating (3, 6, 9, 12 and 15 hours 
post-wounding) (Figure 4). Similar procedures were employed over two additional 






Figure 4. Schematic illustrating cell culture plate setup for AFM. Each column represents 
a separate plating. Each circle represents a 60mm dish plated with MLE-12 cells.  Text 
within each circle represent the time in which the cells were fixed post wounding. 





Wound Closure Assay. Cell migration was quantified for each dish fixed for 
AFM indentation. Using a light microscope, 10 images along the wound of each dish 
were captured both at the time of wounding and at the time of fixation. Using TScratch, 
an automated image analysis tool (Gebaeck, Schulz, Koumoutsakos, & Detmar, 2009), 
cell migration into wounded areas was calculated by comparing the average wound areas 
at the time of wounding and fixation.  
AFM Indentation 
An MFP-3D standalone AFM (Asylum Research, Santa Barbara, CA) was used 
for all mechanical measurements with data processing through an Igor Pro (Wavemetrics, 
Lake Oswego, OR) software package supplied by the manufacturer of the AFM (Version 
090909+0713) (Figure 5).  Before beginning any experiments, the AFM laser was 
powered on and allowed at least one hour to become stable. The AFM stage rests on a 
TS-150 table stabilizer (Herzan, Laguna Hills, CA), a vibration isolation table used to 
minimize vibrations caused by movement of the stage and outside noise. This device and 
the illuminator light source, which provides light to the AFM’s optical camera, were 
powered on prior to any measurements. Specific steps used in the AFM indentation 





Figure 5. AFM head and MFP-3D stage rest on a table stabilizer and are contained inside 
a vibration-reduction hood with silver walls. 
Cantilever Beam Preparation and Cleaning. Triangular silicon nitride (SiNi) 
cantilevers (Budget Sensors, Sofia, Bulgaria) connected to a larger SiNi wafer were used 
for all measurements (Figure 6, top). Because the chips contain multiple cantilevers with 
different stiffness values and the extra cantilevers can cause interference, the larger tips 
were broken off prior to any experiments. The cantilevers with lower stiffness having a 
nominal stiffness of 0.27 N/m and tip half-opening angle of approximately 35 degrees 
were used. Cantilevers were placed in a UV. TC. 110 ultraviolent (UV) cleaner 




optimize AFM indentation measurements. After UV cleaning, the cantilever was secured 
on the cantilever holder (Figure 6, bottom) and the cantilever holder was placed on the 
AFM head, which is stored upside-down on the shelf within the AFM hood when not in 
use.  
 
Figure 6. AFM cantilevers. Top: Close-up view of SiNi AFM cantilevers used for AFM 
indentation. The larger cantilever was broken off prior to indentation experiments. 
Bottom: SiNi cantilever chip on the AFM cantilever holder. Drops of liquid surround the 




Initial Laser Alignment. Before introducing any dishes to the AFM, an unused 
60mm dish was placed on the AFM stage. The AFM head was then carefully placed on 
the stage with the Z position of the head well above the dish so the cantilever would not 
contact the dish, which would result in the tip breaking. The AFM has an overhead 
charge-coupled device (CCD) camera which allows the user to view the cantilever when 
seated in the AFM head. Using this video feed, the camera was focused on the cantilever. 
The laser (a super luminescent diode defined as a laser by the manufacturer of the AFM) 
is adjusted by turning the laser adjustment knobs. Using these knobs, the laser was first 
moved onto the cantilever chip to locate the beam within the camera view. The gold 
coating on the backside of the cantilever and cantilever chip reflects the laser onto the 
photodetector via a mirror. The reflection onto the photodetector results in a ‘sum’ signal, 
the amount of light reflected onto the photodetector in volts (V). The AFM software 
provides a sum and deflection meter (S&D meter) for monitoring this value. After 
locating the laser on the chip, the laser was then aligned onto the end of the cantilever 
itself and the sum signal was maximized, resulting in a value of 4 – 6.5 V.  Next, the 
deflection adjustment knob was turned until the deflection read zero on the S&D meter. 
Subsequently, the contact mode was selected from the master panel and a set point of 1.0 
V was chosen. The tip was then engaged, which means the z-piezo became fully 
extended, resulting in a 150 V reading of z-piezo voltage. The engagement thumbwheel, 
which moves the AFM head along the z-axis, was then slowly turned counterclockwise 
until the cantilever came in contact with the bare dish. The tip was withdrawn and the 
engagement thumbwheel was turned clockwise 7 turns. This is done to ensure that when 




z direction to avoid contacting the substrate, yet low enough to enter the fluid. Finally, 
the AFM head was inverted and placed back on the shelf (Figure 5). 
Cantilever in Fluid. The experiments are carried out in fluid once the cantilever 
is calibrated. A new experiment file was opened in IGOR Pro for each unique sample 
measured. A dish was removed from the refrigerator and washed multiple times with 
DPBS before adding 3.1 mL of fresh PBS. Vacuum grease was spread along the outside 
bottom edges of the dish before mounting the dish on the AFM stage. This is done to 
ensure the dish does not move relative to the stage. Next, multiple drops of PBS were 
placed on the cantilever holder surrounding the chip (Figure 6, bottom). This step reduces 
the risk of creating any air bubbles on the cantilever and helps to fill the space between 
the substrate and the base of the cantilever holder with liquid. The AFM was then 
inverted onto its legs and momentarily held over the shelf to ensure no liquid dripped 
from the cantilever holder. The head was carefully moved to the stage. Its rear legs were 
inserted first, and then the front of the head was slowly lowered until the cantilever 
entered the fluid and the front leg was secured. The cantilever was confirmed to be in 
fluid if the sum signal was greatly reduced. Because the laser was first aligned in air, 
when immersed in fluid the optical path from the laser to the photodetector is different 
and the sum signal is diminished; therefore, the laser must be realigned. Laser 
realignment was then done in the same manner as previously described. At this point, the 
hood was closed and the sample and cantilever were given time to reach thermal 
equilibrium, usually 15-20 minutes. Temperature differences between the tip and the 
fluid can lead to inaccurate calibration of the AFM and collection of data. For example, 




negative direction causing a false indication of the cantilever deflection as it reaches 
equilibrium in the fluid. 
Spring Constant Calibration. It is important to calibrate each cantilever since 
there is a major between the individual and nominal spring constants of cantilevers 
specified by the manufacturer (Levy & Maaloum, 2002). When the deflection signal 
stabilizes after immersion in fluid, then the cantilever beam is ready to be calibrated. 
First, virtual deflection was calibrated. Virtual deflection is an artifact of the AFM due to 
the motion of the cantilever, laser, and photodetector relative to the z-piezo and has units 
of mV/μm. Virtual deflection calibration was executed by first ensuring the tip was far 
away from the substrate and deflection was zeroed. Then, the start distance was set to 
negative infinity, force distance was set to infinity, and trigger channel was set to none. 
The settings drive the cantilever the maximum possible distance along the z-axis, 
resulting in a straight line on the deflection vs. zSensor graph. This line was fitted and the 
resulting slope is the virtual deflection. Next, the CCD camera was focused on the 
substrate and the stage was moved until the cantilever was above the area of the petri dish 
in which cells were denuded. The AFM was switched to contact mode and a setpoint of 
1.0 V was selected. The tip was engaged and the cantilever was lowered until contact was 
made with the petri dish.  
At this point the tip was withdrawn and Inverse Optical Lever Sensitivity 
(InvOLS) was calibrated. InvOLS relates the amount of deflection of the cantilever to a 
change in voltage of the photodetector and has units of nm/V. In other words, by 




by doing a force curve on a hard surface. Deflection was set to -2 V, force distance was 
set to 1.0 μm, trigger channel was set to deflection Volts, and trigger point of +2 V was 
selected. Next, a single force curve was carried out. If contact was made with the petri 
dish, another single force was done. The resulting curve consists of a linear deflection of 
the cantilever. This portion of the curve was fit and the slope of the fitted line was 
determined by the software. 
The final step in the spring constant calibration procedure was to perform a 
thermal tune. A thermal tune identifies the first resonant frequency of the cantilever, 
which is required for the software to compute the spring constant. First, the deflection 
was zeroed and the cantilever was raised slightly above the surface. A thermal tune was 
then done and a power spectrum plot (amplitude vs. frequency) was displayed. The first 
peak was fit. At this point, the software computed the spring constant. 
F-δ Measurements. F-δ measurements were carried out in the same manner for 
each sample. For a given dish, 15 force maps were taken. For wounded samples, maps 
were taken along the wound edge, making sure to capture both the petri dish and cells. 
The scan size per map was chosen to be a 50 x 3 μm region (Figure 7). Each map 
consisted of 2 lines with 74 points per line. Each point represented one spatially unique 
F-δ curve and was stored as an IGOR Binary Wave (.ibw) file (Wavemetrics, Lake 
Oswego, OR). For each indentation, the trigger channel was set to deflection volts and a 
trigger point of 1.2 V was selected to assure adequate indentation. The force distance was 
set to 8 μm to assure that the tip separated adequately from the cell surface as it travels in 




velocity was 15.87 μm/s. Each map took approximately 2.5 minutes to complete. All 
samples from a plating event were measured within a week of fixation. Upon completion 
of a sample, “.ibw” files were exported for analysis and post-processing using MATLAB 
(Mathworks, Natick, MA; v 2010b). 
 
Figure 7. Magnified view of AFM cantilever, MLE-12 Cells, and petri dish from top-
view CCD camera. Yellow grids indicate different force maps and are not to scale. 
Analysis of F-δ Measurements. AFM F-δ data were analyzed using a MATLAB 
function created in house. The input parameters defined by the user include the directory 
where the “.ibw” files are located, the number of points and lines per map, the spring 
constant, the accepted goodness of fit threshold (R
2
), the desired indentation depth (δ), 




portion of the curve from the retract portion, smoothes the data, locates the contact point, 
determines the elastic modulus using equation 2 (Chapter 2), and prints the results in a 
“.mat” file. Elastic modulus is obtained by minimizing the quantity of interest with the 
use of an unconstrained MATLAB function “fminsearch” (Figure 8).  The results include 
elastic modulus, goodness of fit for each indentation curve, and the location of the 
contact.  All maps were analyzed at multiple indentation depths (150 nm, 300 nm, 500 
nm, 750 nm, and 1 μm). Only curves with R
2
 ≥ 0.95 were considered for analysis. Results 
of F-δ maps were output as *.mat files containing elastic modulus, location of the contact 
point, and R
2





Figure 8. F-δ curves acquired by AFM indentation. Top: Raw data including approach 
and retract portion of curve. The matlab code separates the approach portion of the curve 
from the retract portion, smoothes the data, locates the contact point, determines the 
elastic modulus. Bottom: Processed curve. The blue portion denotes the region of 
analysis based on selected indentation depth. 
Once the results were obtained, a second MATLAB file was utilized for the post-
processing. Because there is a contact with the petri dish in these wound edge 
measurements, the height of the cells at the wound edge is also determined by comparing 




normalizes data to the wound edge. Indentation depth was selected based on the height at 
each point of indentation, where height ≥ 2*δ. For example, 150 nm of indentation was 
selected for regions with height between 300 nm and 600 nm (green region, Figure 9); 
regions with height between 600 nm and 1 μm were analyzed with 300 nm of indentation. 
Thin regions with height less than 300 nm were not included in the analysis. Correction 
factors were applied to the resulting elastic modulus values to account for nonlinear tip 
geometry corresponding to each indentation depth based on finite element analysis. 
Finally, the results are plotted and averaged for distances that are within a desired 
distance from the wound edge. 
 
Figure 9. Representative height profile created from an F-δ map to illustrate the selection 
of indentation depth based on height. Each colored region denotes a unique indentation 
depth used in the analysis of elastic modulus. The black shaded region displays regions 
not included in analysis of elastic modulus, where height is less than 300 nm. 
Statistical Methods 
Analysis of variance (ANOVA) was used for statistical differences of data with 




ranks was selected.  In particular, Kruskal-Wallis ANOVA on Ranks, which is an 
extension of Mann-Whitney U test was utilized when comparing 3 or more groups. 
Dunn’s Method for multiple comparisons was used to compare groups of which the 











Chapter 4: Results 
MLE-12 Cells Migrate Within 15 Hours after Wounding 
Preparation of cell monolayers for AFM and wound closure experiments was 





were grown under identical culture conditions. Media was changed 24 hours after seeding 
and after wounding. After 48 hours in culture, confluent dishes were confirmed visually 
and wounding procedures were executed. Dishes that did not reach confluence at this 
time were not used. Wounding of monolayers was performed using a pipette tip. After 
wounding, time intervals were carefully monitored to ensure fixation with formaldehyde 
was completed at the appropriate moment.  
Measurement of wound closure is necessary to show that the MLE-12 cells 
migrate within the time period of interest and to determine whether the rate of wound 
closure is constant. For each dish, the percentage of exposed wound area among the 10 
fields taken within each dish at the time of fixation was averaged and normalized to the 
average exposed wound area at the time of wounding. Initial average wound widths were 
732 ± 81 μm. Each data point is comprised of the results of a given time point across the 
4 unique platings. The wound closure response is shown in Figure 10.  In this plot, the 
ratio of the exposed gap to the initial exposed gap is plotted with respect to time. A linear 
regression trend lines was fit and R
2





Figure 10. Wound closure analysis. The Y-axis is the change in open wound area with 
respect to the time of wounding. Error bars represent standard error. 
Cell Height Parameters Change Over Time 
One useful quantity of interest is the height information obtained from F-δ curves. 
By probing locations both on the petri dish where cells were denuded and on cells at the 
wound edge, a height profile was created for each map. Figure 11 shows the median 
height profiles for all wounded data sets. All F-δ maps for a given time point were 
compiled and normalized to the wound edge. Each height profile was plotted as the 
median height of each pixel. Figure 12 shows boxplot height profiles at each pixel for 0 
hour and 3 hour datasets.  In each boxplot, the center mark is the median; the limits of the 




 percentiles; whiskers extend to the most extreme values. 
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Figure 11. Height profiles for all time points. Each data series represents a unique time 
point post-wounding. 
 
Figure 12. Boxplots at each pixel for 0 hour and 3 hour data sets. Blue boxplots 
correspond to the 0 hour data set; red boxplots correspond to the 3 hour data set. 
Cell height parameters were quantified first by identifying local maxima from the 
height profile of each map (Figure 13). As mentioned previously, variations in cell size 


























within a dish result in some maps capturing only a portion of the leading cell most 
proximal to the wound edge, while other maps consist of the entire leading cell and 
portions of the cell immediately behind it. Taking this into account, reported cell heights 
are the first maximum height value (peak height) with respect to the wound edge when 
traveling from left to right (Figure 14, top). In each boxplot, the center mark is the 




 percentiles; whiskers extend to the 
most extreme values. At the time of wounding, MLE-12 cells had a median peak height 
of 7.4 μm. After 3 hours, the median peak height decreased by almost 50% to 3.8 μm. 
From 3 hours up to 15 hours after wounding, no significant changes in peak heights were 
observed, however, heights at the time of wounding were significantly different than all 
other time points (p < 0.05). Cell spreading (distance to peak) was chosen to be the 
distance from the wound edge to the first local maximum value (Figure 14, bottom). The 
wound edge was identified as the first pixel with height greater than 0.1 μm. The distance 
to peak data shows an increasing trend with respect to migration time. The 6, 12, and 15 
hour time points were found to be significantly different with respect to the time of 





Figure 13. A representative height profile created from an F-δ map. The Y-axis 
represents height normal to the petri dish and the X-axis represents distance 
perpendicular to the wound edge. Distance to peak is the X-distance from the wound 
edge (green) to first maximum height value (yellow); Peak height is the magnitude of the 






Figure 14. Cell height parameters for each time point. Peak Height (top) and Distance to 
Peak (bottom) were quantified from F-δ curves as described in text. Each column 
represents a distinct time point with respect to wounding time.  *Significantly different 
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Calibrated Spring Constant Values Do Not Affect Elastic Modulus 
Spring constant (k) calibration of each cantilever used for AFM indentation was 
performed prior to any data acquisition on a dish. Although the manufacturer reports a 
nominal k value for each batch of cantilevers, a precise k value is preferred so 
comparative measurements are possible. The k value was calibrated using the 'Spring 
Constant Tutor' feature within the IGOR software. Spring constant values for each dish 
measured are found in Table 1. The mean k value was 0.14 ± 0.06 N/m. 
Table 1. Calibrated spring constant for each AFM dish 
 
Dish 
Date 1 2 3 4 5 
4/05/2011 0.153 0.127 0.136 0.189 0.162 
4/20/2011 0.158 0.151 0.175 0.194 0.165 
5/10/2011 0.112 0.100 0.098 0.139 0.134 
5/24/2011 0.114 0.133 0.133 0.138 0.094 
7/26/2011 0.137 0.162 0.142 
  7/2/82011 0.141 0.137 0.152 
  8/12/2011 0.120 0.120 
   
The relationship between elastic modulus and k values of experimental data is 
illustrated in Figure 15 to investigate the sensitivity of the results to cantilever stiffness. 
Each data point represents one unique experimental dish. The elastic modulus reported is 
the overall mean of median elastic moduli of multiple maps, excluding measurements of 





Figure 15. Average-median elastic modulus plotted against the calibrated spring constant. 
Each data point represents one AFM dish and each data marker style denotes a different 
experimental day. Each elastic modulus value is taken as the overall mean of each F-δ 
map’s median within a dish. 
Elastic Modulus at the Migration Front Changes Over Time 
Elastic modulus distribution as a function of distance from the wound edge offers 
a look into spatial differences in mechanical properties of MLE-12 cells (Figure 16). 
Elastic modulus profiles were created in the same manner as cell height profiles, taking 
the median value at each pixel from all maps for each time point. Unscratched dishes are 
not included in the profile because there was no wound edge. Median elastic modulus 
profiles range from 1.5 – 6 kPa and exhibit high variability within the 15 μm band at the 
wound edge. Median values of the first 7.5, 15, and 25 μm bands of individual F-δ maps 
were also compiled and averaged for each time point (Figure 17). (For boxplots, see 
Appendix B) Median elastic modulus values range from 0.5 – 30 kPa. For unscratched 
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performed on confluent monolayers. There was no significant difference among the 
elastic moduli of different time points (p = 0.287) belonging to a given distance from the 
wound edge. 
 
Figure 16. Elastic modulus profiles for each time interval after wounding. The Y-axis is 





Figure 17. Average-median elastic modulus values for each time point. Green columns 
represent the 25 µm band near the wound edge; blue columns represent the 15 μm band 
near the wound edge; red columns represent the 7.5 μm band near the wound edge. Error 
bars are standard error. *Significantly different from 0 hour time point (p < 0.05) 
Normalization of elastic modulus profiles was implemented to account for 
variability from dish to dish.  The elastic modulus of each pixel in a single map was 
divided by the same map’s median elastic modulus. Normalized elastic modulus profiles 
were plotted in Figure 18 and span from 0.4 – 1.9. After normalization, a spatial 
variability in the normalized elastic moduli became apparent in the first 7.5 μm nearest to 
the wound edge. From 7.5 μm to 15 μm from the wound edge, all E-profiles appear to 
converge to a ratio near 1.0. Figure 18 shows the results of the normalization for average-
median elastic moduli. Median normalized elastic modulus range from 0.1 – 9.0. 
Normalized elastic modulus is plotted for distances 0 – 7.5, 7.5 – 15, and 15 – 25 µm 
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1.0. After 3 hours, approximately a two-fold increase is observed in normalized elastic 
modulus within 7.5 µm from the wound edge. From 3 hours up to 15 hours after 
wounding, elastic modulus ratios decrease across this distance, yet do not return to 1.0. 
The 3 hour and 6 hour time points were found to be statistically different from the 0 hour 
time point for the 7.5 µm band near the wound edge (p < 0.05). No significant differences 
in normalized elastic modulus for distances 15 – 25 µm from the wound edge were 
discovered with time. Figure 20 shows the average-maximum normalized elastic 
modulus for the 7.5 µm band near the wound edge. At 0 hours, maximum normalized 
elastic moduli remain near 2.5. After 3 hours, the maxima increase to values near 4.0. 
After 6 hours, an even greater increase is observed, with maxima as large as 9.0. From 9 
to 15 hours, average maxima return to values consistent with 0 hours. The 3 hour and 6 






Figure 18. Normalized elastic modulus profiles for each time interval after wounding. 





Figure 19. Average-median elastic modulus ratios for locations near to the wound edge. 
Red columns represent 0 – 7.5 μm from  to the wound edge; blue columns represent 7.5 – 
15 μm from to the wound edge; green columns represent 15 – 25 µm from the wound 
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Figure 20. Average-maximum normalized elastic modulus for each time point within a 
7.5 µm band from the wound edge. Error bars are standard error. *Significantly different 
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Chapter 5: Discussion 
 The underlying hypothesis of this thesis was that the mechanical response 
of epithelial cells near the migration front would undergo temporal changes. This 
hypothesis was tested with AFM indentation experiments.  There indeed was a significant 
variation in the elastic moduli at the migration front.  Specifically the elastic modulus 
temporally increased after 3 and 6 hours near the wound edge, and then subsided.   
In order to assess the mechanical properties of migrating cells, it must first be 
confirmed that the cells are indeed migrating up to the time of fixation. Approximate 
wound closure of each dish used in AFM indentation (Figure 10) successfully confirmed 
migration of the cells that were mechanically tested. No apparent changes in wound 
closure rates appeared between neighboring time points. The velocities of individual cells 
were not measured; however, these wound closure results established a globally 
consistent migration rate over the first 15 hours of migration.  
Elastic modulus provides measure of the deformability of cells. Previous 
mechanical characterization of lung epithelial cells by AFM indentation using pyramidal 
tips reported average elastic moduli that ranged from 0.45 -7.6 kPa (Alcaraz et al., 2003; 
Azeloglu, Bhattacharya, & Costa, 2008; Rico et al., 2005; Wagh et al., 2008). The values 
of elastic modulus reported in this study fall within the range of values previously 
reported for live ATII and bronchial epithelial cells. Mechanical characterization of fixed 
lung epithelial cells has not been previously published. Similarly, mechanical 
characterization of MLE-12 cells, fixed or live, has not been extensively published. 




elastic moduli of 1.7 - 3.9 kPa (Roan, Wilhelm, Bada, & Waters, 2011b). Figure 17 
showed average median elastic modulus for confluent and wounded MLE-12 cells ranged 
from 3 – 6 kPa. The increased elastic modulus may be attributed to the fixation process. 
Fixation has been shown to causes dramatic increases in elastic modulus (Hutter et al., 
2005; Lulevich, Zink, Chen, Liu, & Liu, 2006; Yamane et al., 2000). These previous 
findings, however, reported that fixation increased elastic modulus by orders of 
magnitude compared to live cells. Such drastic increases in mechanical properties were 
not observed in MLE-12 cells. This may be attributed to cell type or could show that the 
cytoskeleton of MLE-12 cells largely determine their mechanical properties. Moreover, 
prior comparisons were based on measurements over single cells, which can display 
different mechanical properties compared to confluent monolayers.  
 No significant differences in average-median elastic modulus magnitudes were 
discovered with respect to migration time or distance from the wound edge in MLE-12 
cells (Figure 17). The lack of differences was due to the variation in elastic modulus from 
dish to dish. These variations could have muted differences at the migration front. 
Normalizing each map to its median value lessened this contribution of variability and 
permitted the data to be compared more effectively. The increase in average-normalized 
elastic modulus (Figure 19) and the increased average-maximum normalized elastic 
modulus (Figure 20) within the 7.5 μm band near the wound edge observed at 3 and 6 
hours post wounding are significant. At the time of wounding, the elastic modulus is less 
than the median in the first 5 μm near the wound edge. In confluent epithelial sheets, cell-
cell junctions mechanically stabilize the epithelia. Characteristic actin bundles at such 




from the monolayer upon wounding disrupts junctions and compromises the tensional 
integrity of remaining cells at the migration front. The decrease in modulus at the time of 
wounding likely reflects this loss of tension. 
After 3 hours, elastic modulus values proximal to the wound edge are greater than 
the median, converging to the median value after approximately 7.5 μm. This relative 
increase in elastic modulus is consistent with the formation of actin bundles at the wound 
edge perpendicular to the migration front previously observed in 16HBE and rat ATII 
cells following wounding and may indicate ATII cells initially close wounds through 
mechanisms consistent with the purse-string model. After 6 hours, the relative increase in 
elastic modulus was shifted slightly rearward from the edge with a peak around 5 μm. 
The maximum normalized elastic modulus at six hours was as much as 9 times the 
median. These results suggest a relative displacement in the location of actin bundles. 
The shape of the peak at 6 hours reflects a region of deformability most near to the 
migration front, followed by a region of increased mechanical strength. These findings 
support the structural reorganization in the cytoskeleton of MLE-12 cells in response to 
wounding.  
 The mechanisms by which cells migrate are known to depend on cell type (Rorth, 
2009). The study by Wagh et al. (2008) detected a reduced elastic modulus in the first 5 
μm proximal to the wound edge in migrating epithelial cells (16HBE) two hours after 
wounding and reported increased elastic modulus in regions 10-20 μm away from the 
wound edge. These relative changes were with respect to modulus values in cells far 




at the wound edge were not paired with measurements away from the wound edge. 
Without paired measurements, it is difficult to compare the results. Still, the results for 
elastic modulus results at 6 hours after wounding agree well with the Wagh study, 
showing an initial region of reduced elastic modulus followed by a region of relatively 
greater elastic modulus. Their study did not give an indication of cell size or migration 
rate, which could be responsible for the different outcomes. Their equipment was also a 
generation earlier and fewer measurements were taken. 
 The study by Wilhelm et al. (2009) showed an increase in the mechanical 
response near the migration front in live MLE-12 cells (Figure 2). The peak observed in 
their study is remarkably consistent with the normalized elastic modulus profile at 6 
hours after wounding shown in this thesis. The comparable findings are significant in 
demonstrating that fixed cells can be used to uncover changes in mechanical properties. 
The Wilhelm study only measured three 50 x 50 µm locations at the different time points, 
while results of this thesis were from numerous smaller locations within a dish and 
repeated over multiple platings. This could explain the difference in the timescales of 
peak development. The Wilhelm study is more representative of changes in individual 
cells at the migration front, while the results of thesis provides a more global 
representation of mechanical changes at the migration front.  
 The relative changes in elastic modulus seen in this thesis provide insight into the 
mechanisms by which epithelial cells migrate. The results showed relative changes in 
mechanical properties at the migration front as a function of time after wounding. These 




results provide evidence that the mechanical response of wound closure by lung epithelial 
cells evolves over time. Such a finding is fundamentally crucial to better understanding 
how wound repair is achieved in the lung. Furthermore, the results are comparable with 
studies on live cells and provide evidence that fixed cells can be used to investigate 
changes in mechanical response. 
The initial decrease in peak height and the gradual increase in the distance to peak 
support cell spreading. Furthermore, the steeper slope of the leading edge at the time of 
wounding compared to the other time points is consistent with peak height and distance to 
peak. Primary rat ATII cells near the wound edge have been shown to spread 
significantly 12 - 24 hours after wounding (Atabai et al., 2002; Crosby et al., 2011). Cell 
spreading was also shown to increase over time in 16HBE cells (Savla, Olson, and 
Waters, 2004). The cell height findings of this thesis corroborate previous findings of 
significant cell spreading and cell motility during initial wound repair. Additionally, these 
findings suggest that MLE-12 cells spread over the first 15 hours after wounding. Finally, 
the agreement with previous findings adds confidence that topographical information can 





Issues Related to Use of Immortalized Cells. Preparation of MLE-12 cell 
monolayers was successful, but because these cells are immortalized, there can be issues 
of overgrowth which can be detrimental to AFM measurements. Within our lab, high-
passage MLE-12 cultures have been observed to proliferate after formation of a 
monolayer, resulting in cells growing on top of each other. Low-passage MLE-12 cells 
do not have this issue and thus were utilized to combat such complications.  This would 
inevitably cause complications during AFM indentation, so passage number and seeding 
density were carefully monitored. 
Fixation Method. One major difference between the current study and previous 
studies is that mechanical characterization was performed on fixed cells rather than live 
cells. Cell migration is a dynamic process, and the quantification of mechanical 
properties presumably reflects the cross-linked actin filament network. In live cells, actin 
crosslinks are only transient, while fixing cells permanently crosslinks actin filaments. 
With this in mind, the findings of this thesis do not shed light on the short term dynamic 
changes in mechanical properties previously reported, but better reflect localized 
cytoskeletal changes as a function of time during wound closure. AFM indentation 
experiments require definite amounts of time to complete, and fixation allowed 
conditions at specific time points to be measured. Fixation also allowed the cell culture 
and wounding procedures to be synchronized for all platings. While fixing cells does alter 




The mean elastic moduli measured here compared well with the elastic moduli of live 
MLE-12 cells. 
Cell Wounding Protocol. Wounding of cell monolayers created repeatable 
wound widths of 732 ± 81 μm. The small deviation of wound widths indicates 
consistency in the wounding procedure. Creating comparable wound widths is important 
because discrepancies in wound widths can cause variations in cell migration (Rosello, 
Ballet, Planus, & Tracqui, 2004). Wounds created were inspected under light microscopy 
to ensure a clean wound was created. In some cases, scratching did not completely 
denude all cells in the wound area. An unclear wound area has the potential to affect 
collective cell migration as motile cells are impeded by residual cells as they move to 
close the wound. For this reason, only dishes with clear wound areas were utilized. 
Meticulous preparation of cell cultures provides confidence that MLE-12 cell platings 
were examined under identical experimental conditions. 
Spring Constant Calibration. The spring constant (k), or stiffness, of the 
cantilever is an invaluable quantity in accurately converting cantilever deflection to force 
and calculating elastic modulus of an F-δ curve. The manufacturer reports a nominal 
value of 0.27 N/m for the cantilevers used in this thesis; however, it is widely accepted 
that these k values are not reliable. Equation 2 (Chapter 2, page 15 ) establishes a positive 
linear relationship between E and k. In other words, an increase in calculated k by 1% 




Some degree of variability in k is expected. Variability from probe to probe, even 
within the same batch from the manufacturer, is anticipated by the manufacturer. In fact, 
it has been shown that spring constant variability can span as much as an order of 
magnitude in cantilevers produced from the same wafer (Levy & Maaloum, 2002). Other 
factors can influence the spring constant value calculated during calibration, including 
temperature and tip degradation.  Due to the cost of each tip, it is practical to reuse 
cantilevers to measure subsequent dishes, however, it must be confirmed that the 
variability in the calibrated spring constant does not significantly correlate with elastic 
modulus values. 
Weak correlation exists between the calibrated k value and elastic modulus. 
Higher magnitudes of elastic modulus values exist across the entire range of spring 
constant values. The same can be said for low magnitudes of elastic modulus, thus it can 
be concluded that no significant relationship exists between the calibrated spring constant 
and the calculated elastic modulus. 
Selection of Indentation Depth. An advantage of introducing the surface height 
data into the analysis of mechanical properties was the ability to know the height at each 
point of indentation without the need for prior imaging, which can be time consuming. 
This knowledge allowed selection of an appropriate indentation depth that minimized the 
contribution of substrate effects in elastic modulus calculation. Competing interests exist 
when selecting an appropriate indentation depth for analysis. The underlying assumptions 
of the Hertz model (homogenous, isotropic, linearly elastic material) are clearly violated 




mechanical properties, dependent on the spatial distribution of the nucleus, organelles, 
and cytoskeletal components (Kirmizis & Logothetidis, 2010; Rotsch & Radmacher, 
2000; Wagh et al., 2008). Furthermore, it is widely accepted that a cell’s elastic 
properties are nonlinear in nature (Kirmizis & Logothetidis, 2010). With this in mind, 
indentation depth must be deep enough to sense the underlying mechanical structures 
within the cell as well as provide an accurate estimation of the underlying E due to the 
geometry of the tip opening angle. However, indenting too deeply introduces substrate 
effects from the stiff petri dish.  
Many analyses utilize one fixed indentation depth for the extraction of elastic 
moduli from a force map (Azeloglu et al., 2008) While this approach is reasonable when 
probing confluent monolayers, limitations exist when indenting at the migration front. 
The initial portion of leading edge of cells, proximal to the migration front, is very thin   
(< 0.5 μm). Moving perpendicular to the migration front, cell height increases. This 
results in a relatively large range of height values within a given map, as well as 
variations in height from map to map. With one indentation depth selected, the proportion 
of the cell that is probed varies. A large percent of the cell is indented in thin regions at 
the leading edge, while a small percentage is indented in thick regions further from the 
wound edge (Figure 21). Additionally, in thin regions with a height near or less than the 
indentation depth selected, the underlying substrate contributes to the elastic modulus 
calculated. With the incorporation of height, a limitation was set to only analyze locations 
greater than or equal to twice the indentation depth (h ≥ 2*δ) used in order to combat 
substrate effects in thin areas. Some studies limit analysis to locations where h ≥ 5*δ 




and the characterization of thin regions of the migration front would not be possible using 
such criterion. Therefore, this criterion was modified in this project. Even with the 
compromised limitation, data was lost at the migration front due to thinness when 
analyzing data using only one indentation depth. 
 
Figure 21. A representative height profile created from an F-δ map. The Y-axis 
represents height normal to the petri dish and the X-axis represents distance 
perpendicular to the wound edge. The orange shaded region illustrates 500 nm of 
indentation. 
Selecting appropriate indentation depths specific to cell height at each pixel has 
not previously been reported in the literature. This approach improved data analysis at 
locations near the wound edge. The lower limit of indentation depths used was selected 
based on F-δ curves. Considerable noise exists in the first 75 nm of indentation due to 
interactions between the tip and the cell or the tip resting in fluid. A depth of 150 nm was 
considered to be the lowest possible indentation appropriate to calculate E, which is 
approximately 3 times the thickness of the plasma membrane. For this reason, regions 
with height between 0 and 300 nm (Figure 9, black region) were not included in the 




Manufacturer specifications indicate a tip height of approximately 800 nm. The AFM 
head angles the tip an additional 10°, allowing for indentations up to 1 μm. Analyzing 
each map with indentation depths specific to height of the sample minimized substrate 
effects, maximized the amount of data included in analysis, and ultimately led to a more 
robust characterization of the migration front. 
Identifying the Migration Front. Identifying the migration front is another 
aspect of data analysis that is largely ignored in the literature. One way to discern F-δ 
measurements of the petri dish from those of MLE-12 cells at the leading edge was to 
limit elastic modulus values based on a maximum allowable elastic modulus, Emax. Raw 
data sets with no limitation on elastic modulus were examined to find an appropriate 
value for Emax. When calculating elastic modulus from each F-δ curve, indentation was 
computed as z – d, where z is the distance the cantilever moves towards the substrate and 
d is the deflection of the cantilever. Because the petri dish is infinitely stiff compared to 
the soft cantilevers used, no indentation occurs and thus, z – d effectively approaches 
zero. From equation 2 (Chapter 2, page 15), it becomes clear that an infinitesimal 
indentation value will result in an extremely high calculated elastic modulus (Figure 22, 
top). For the initial portion of each map, the cantilever is contacting the petri dish, 
resulting in very high elastic moduli. As the cantilever approaches the leading edge of the 
migration front, elastic modulus values begin to decrease as the cantilever contacts thin 
regions of cells until finally settling within a median range of 0 – 20 kPa. After inspecting 
all individual F-δ maps, an elastic modulus of 15 kPa was initially selected to eliminate 






Figure 22. Elastic modulus profiles used in determination of Emax. Top: Elastic modulus 
distribution for all time points with no limitation of Emax. The Y-axis is elastic modulus 
with logarithmic scale. The vertical black line illustrates the transition from 
measurements of the petri dish to measurements of cells. The horizontal black line 
illustrates 15 kPa. Bottom: Elastic modulus distribution as a result of selecting Emax = 15 




Figure 22 (bottom) shows the elastic modulus distribution of MLE-12 cells at all 
time points when the migration front is determined with Emax filtering only. For all time 
points except time 0, elastic modulus initially decreases over the first 5-10 μm. There is 
strong evidence that the cause of relatively high E values at the migration front is due to 
substrate effects, since the leading edge of the first cell at the migration front is initially 
very thin. As the cantilever moves further from the wound edge, cell height increases 
with distance and the contribution of the substrate is reduced. Supporting this idea is the 
fact that the 0 hour time point does not follow the same trend as the others, i.e. no initial 
decrease is observed. The height of cells at the time of wounding is significantly higher 
than all other time points. Height profiles revealed a steep increase in height at the wound 
edge at time 0 compared to all other time points, reaching a median height of 1 μm in 
almost half the distance of the other time points. In light of these observations, finding 
the migration front based solely on Emax filtering was judged to be insufficient. 
Cell height information then was considered to locate the migration front and to 
account for cell height related concerns. A representative height profile (Figure 21) from 
an F-δ map shows a relatively flat profile with height remaining near 0 μm until around 
13 μm on the x-axis, where height begins to increase. It is clear that this initial portion of 
the height profile is the petri dish and after 13 μm, the cell is contacted.  Using this 
information, the wound edge was defined as the first pixel in which height is greater than 
0.1 μm relative to the petri dish.  The selection of the 0.1 μm allows for minor 
fluctuations in petri dish height. Location of the point at which the height met this 





 One limitation of this method of analysis was the necessity of a level, flat dish. 
Because dishes are secured to the AFM through the application of vacuum grease, some 
dishes measured were not perfectly horizontal, i.e. the petri dish portion of height profiles 
exhibited an increasing or decreasing slope (Figure 23). The code could not accurately 
identify the wound edge in these maps and the data was not used. A dish was considered 
flat if the petri dish portion of the height profile changed by no more than 0.1 µm. This 
criterion allowed more robust identification of the migration front.  
 
Figure 23. Representative height profile depicting measurements on a slanted petri dish. 
The slanted dish results in inaccurate height information.  
Sloping dishes cause an increase or decrease the contact area between the 
cantilever and the cell and would lead to an over- or under-estimation of elastic modulus 




elimination of sloping dishes improved the detection of the wound edge and eliminated a 
source of error in elastic modulus computation. 
Although the identification of the migration front through cell height data is 
robust, a limitation of the maximum accepted elastic modulus (Emax) considered in the 
analysis was still implemented. This filtering allows the elimination of E values that are 
physically meaningless. Although the MATLAB code has been improved to seek and 
remove curves with substantial noise, there are few “bad” curves (less than 5%) that may 
not have been eliminated. These curves generally produce very large elastic modulus 
values. The value of Emax was set to 500 kPa. This value was selected to eliminate 
exceptionally high values without compromising true values at the migration front.  
Lack of Concurrent Microscopy. Characterization of the migration front is the 
focus of this thesis. Therefore, limiting the breadth of modulus values analyzed to 
encompass only the leading cell is important. The lack of a fluorescent microscope with 
integrated AFM forces one to make assumptions based on cell height data collected from 
F-δ curves. For example, the height profile shown previously has been analyzed without 
microscopy. It appears that this map captures the leading cell as well as a portion of the 
subsequent cell, however one cannot be certain. To limit the uncertainty in what is being 
measured, a set distance was selected to include only the leading cell. 
Cell height profiles are the key to selecting the proper indentation depth and 
deciphering measurements of the petri dish from those of cells. Additionally, the height 




time after wounding. Uncertainty exists in what the peak height and the distance to peak 
represent. These values are assumed to be the maximum height of the leading cell at the 
migration front and its radius; however, without integrated fluorescence microscopy, the 
location of peak height cannot be confirmed. Nevertheless, the changes observed in peak 











Chapter 6: Conclusions 
The objective of this study was to mechanically characterize the migration front of 
MLE-12 cells at the wound edge as function of migration time using AFM indentation 
and to develop and apply practical improvements, specifically in the post-processing of 
F-δ maps, for comparison of data at the wound edge. The methods were to grow MLE-12 
cells to confluence, wound monolayers to simulate injury to the alveolar epithelium, and 
chemically fix dishes at various time points after wounding; to perform AFM force 
indentation on the fixed, wounded monolayers; to obtain elastic modulus and height 
parameters from the analysis of resulting force indentation measurements. The following 
conclusions were drawn from this work: 
1. Differences in mechanical properties of fixed MLE-12 cells were discovered after 
normalization. A significant increase in elastic modulus ratio was observed in the first  
7.5 μm proximal to the wound edge after 3 and 6 hours following wounding compared to 
the time of wounding. 
2.  Careful inspection of force maps, introduction of height information into elastic 
modulus computation, and institution of a dynamic, height-dependent selection of 
indentation depth lead to the uncovering of these relative mechanical changes. 
3. Fixation did not result in drastic increases in elastic moduli of MLE-12 cells. 





Chapter 7: Future Work 
 Potential future studies measuring the mechanical response of lung epithelial cells 
during wound healing measured by AFM indentation include: 
1. Validation of Height Profiles: The height profiles obtained from F-δ curves were 
vital in calculating elastic modulus. A study to determine the accuracy of these height 
profiles would confirm the true height is being quantified. 
2. Concurrent Microscopy: A fluorescence microscope is available for the MFP-3D. 
By performing fluorescence imaging during AFM indentation, cytoskeletal structures 
could be visualized in real time. This would provide the ability to make strong 
correlations between cytoskeletal and mechanical changes with respect to space and time. 
3. AFM Reproducibility: The AFM reproducibility measurements (Appendix B) 
preformed in this thesis provided insight into variability associated with AFM indentation 
of cells. A more systematic study of error propagation is warranted to further deduce the 
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Appendix A: Statistical Methods 
Cell height parameters, specifically Hfmax and radius were compared using the 
Kruskal-Wallis ANOVA on Ranks test. Statistically significant differences in the median 
values of peak height and the distance to peak among the various time points were 
discovered (p < 0.001). Dunn’s Method for pairwise multiple comparisons was used to 
reveal which groups differed significantly. Peak height values for 3, 6, 9, 12, and 15 hour 
time points all differed significantly from the 0 hour time point (p < 0.05).  Distance to 
peak values for 6, 12, and 15 hours significantly differed from the 0 hour time point.  
 Elastic modulus magnitudes for the first 7.5, 15, and 25 μm proximal to the 
wound edge were also compared for the various time points using the Kruskal-Wallis 
ANOVA on Ranks test, however, the median values among the groups were not great 
enough to exclude the possibility differences were due to random sampling variability (p 
= 0.193), so no significant differences were uncovered. After normalization, statistically 
significant differences in the median and maximum values for normalized elastic 
modulus in the first 7.5 μm were discovered among the various time points (p < 0.001). 
Dunn’s Method for pairwise multiple comparisons revealed that the 3 and 6 hour time 
points were significantly different from the 0 hour time point and 6 hour time point was 
significantly different from the 15 hour time point (p < 0.05). No other differences were 
discovered. 
 Elastic modulus values from the repeatability experiments were compared by 




dish existed. The differences in mean values of the repeats were not significantly 




Appendix B: Elastic Modulus Boxplots 
 







































































































































Appendix C: AFM Reproducibility 
To examine the reproducibility of AFM measurements, a wounded MLE-12 
monolayer was measured in the same manner as described previously. Immediately upon 
completion of the initial F-δ mapping, the AFM dish was rotated 180°. Recalibrating the 
same cantilever, F-δ mapping of the opposite wound edge was measured. After the 
repeated measurements, the dish was returned to the refrigerator. Approximately 24 hours 
later, additional F-δ mapping was performed with a new cantilever. This process was 
performed on 3 unique dishes. 
 Elastic modulus profiles of reproducibility experiments remain relatively 
consistent magnitudes across all three sets of measurements within a dish (Figure 25: B, 
D, and F). Each figure represents a unique dish. Within each plot, each of the three 
profiles represents the repeated measurements of that dish. Variability exists from pixel 
to pixel; however, the overall elastic modulus profiles within a dish vary over similar 
ranges. Median values of individual F-δ maps were compiled for each repeated measure 
of a dish and averaged (Figure 25: A, C, and E) to provide further indication of 
repeatability. Each boxplot within a given figure represents the repeated measurements of 





 percentiles; whiskers extend to the most extreme data points not considered 
outliers; and outliers are plotted individually.  Statistical analysis of repeats revealed no 





Figure 25. Results of the reproducibility experiments. Each boxplot figure (A, C, and E) 
represents a unique AFM dish measured. Each boxplot within a figure represents a 
unique set of repeated measurements taken within a dish. Boxplots quantify average-
median elastic modulus. Spring constant values of each set of measurements are located 
below each boxplot. Elastic modulus profiles adjacent to the boxplots represent elastic 
modulus distributions of each repeated measurement over the 15 μm proximal to the 




The results of the reproducibility findings show that AFM measurements can be 
consistently replicated. The dishes of fixed MLE-12 cells used for these experiments had 
been fixed for several weeks, however the magnitude of median values do not differ 
largely from those of the elastic modulus findings reported earlier in this thesis, where the 
dishes were measured within a week of fixing. This builds confidence in the mechanical 
characterization of fixed cells and provides evidence that long term mechanical properties 
of fixed cells do not change significantly. Significant changes may occur initially, 
however this aspect was not explored.  
Comparing repeat 2 to repeats 1 and 3 in each dish sheds light on the suitability of 
reusing cantilevers. The results do not indicate a predictable change in the effectiveness 
of a used cantilever characterizing mechanical properties, such as an increase or decrease 
after reuse. The calibrated k value was reduced in all three dishes; however, no 
appreciable magnitude differences in median elastic modulus were associated with this 
decrease. In dishes 1 and 3, the middle 50
th
 percentile of repeat 2 was almost identical to 
repeat 1. This shows that cantilevers can effectively be reused to probe mechanical 
properties. The upward shift in the middle 50
th
 percentile of median values from repeat 1 
to repeat 2 in dish 2 could be indicative of degradation of the tip, but this is unlikely 
because the overall range of median was comparable. Again, biological variability within 
the population was not accounted for and may be responsible for the changes in median 
elastic modulus.  
Statistical analysis of the repeated measurements within a dish did not reveal any 




low in all dishes (0.193 for dish 1, 0.069 for dish 2, and 0.049 for dish 3) meaning there is 
far less likelihood of detecting differences between repeats when they actually exist. With 
this in mind, additional repeated measurements could be carried out in the future to 
further examine repeatability. 
